The choice of structural material candidates to contain Lead For the SiC fiber composite samples those prepared using a SiC matrix material performed better than Si 3 N 4 as a matrix material. Composites prepared using a silicon melt infiltration process showed larger corrosion weight loss values due to the solubility of silicon in lead at these temperatures. When excess silicon was removed from these composite samples the corrosion performance for these material improved. These screening studies were used to guide future long term exposure (both isothermal and non-isothermal) experiments and Silicon Carbide composite fabrication work.
Introduction
Ceramic-matrix composites and those with continuous ceramic fiber reinforcement offer advantages over classical ceramic materials for improving thermal cycle resistance, corrosion enhancements, and mechanical properties. Applications for these ceramic composite materials include rocket motors, jet engines, space vehicles, brake disks, and orthopedic appliances. This wide range of applications (thermal, structural, and environmental) reflects the versatility and "engineerability" of these materials [1] . Silicon Carbide (SiC) and Silicon Carbide fiber matrix composites are a class of these ceramic matrix composite materials which provide improved material strength and fracture properties at elevated temperatures. These composite materials have good corrosion resistance (in oxygen environments) and have low activation characteristics which make their use in radiation environments attractive. SiC ceramic composites are one of three main candidates for structural materials in various fusion power programs and blanket systems around the world [2, 3, 4] . In GEN IV reactor systems and other energy conversion applications, the high application temperature of SiC composites allows the use of high temperature coolants (molten metals and salt eutectics) which holds the promise for higher energy conversion efficiency (>50%) [5] .
SiC composites are multilayered structures consisting of a choice of SiC fiber, a SiC fiber coating, a matrix material to "glue" the fibers together, and in some cases a seal coating layer placed over the machined component. Several reports in the literature have studied SiC composite compatibility in Pb-17%Li eutectic but at temperatures not exceeding 800 o C [6, 7] . Limited data is available for exposures of these composite materials in molten lead and at temperatures greater than 800 o C.
A screening study was undertaken to study the material compatibility of several SiC fiber composites with molten lead at 1000 o C. The pure components which make up the matrix portion of these composites were also evaluated under these experimental conditions to determine their compatibility as well. In addition, an attempt was made to investigate the contributions of machining to a composite's compatibility with molten lead at 1000 o C.
Experimental Procedure

Materials
The SiC composite samples consisted of several types each with different SiC fiber materials and matrix components. All composite samples were machined from larger plates to a 1" x1" square shape (except for the SiC f /SiC composite from Honeywell which was circular) with a 0.125" centering hole in the sample for attachment to the test vessel.
The first set of composites (SiC f / SiC / Si) were of a liquid silicon melt infiltrated composite composed of Tyranno SA SiC fibers (cloth with #8 Hardness Satin weave) or HiNicalon Type S SiC fibers (cloth with plain weave) supplied by GE power systems. Both composites were prepared in a similar fashion with the composite preforms infiltrated with a SiC particle slurry. Final densification of the composite was carried out by silicon melt infiltration not exceeding 1430 o C. The fiber contents of the finished composites were 40 and 37% respectively.
The as received composite material, for both fiber types, contained excess elemental silicon on one or more of the surfaces. To study the compatibility of the fiber and internal matrix, two one inch square samples of each composite were machined to remove the excess silicon from the surface. Once the excess silicon was removed, the fiber weave pattern of the composite could be easily seen. In addition, this machining also revealed small void areas on the inside of the composite ( Figure 1 ). Two additional samples of the HiNIcalon Type S fiber composite were further seal coated (in house) with CVD SiC. One sample was seal coated in the "as received" condition and the other sample had the excess silicon machined from the surfaces (showing the fiber weave pattern) before seal coating.
The thickness of the seal coat layer was determined to be 50 -60 microns in depth.
These machined composite samples (as well as the CVD coated samples) will be used to investigate the effects of machining a composite on its compatibility with lead since the machined area is nearly the total surface area exposed to the lead.
The second composite (SiC f / Si 3 N 4 ) was prepared using CG Nicalon SiC fibers with a Si 3 N 4 matrix material provided by COI Ceramics. The manufacturing process used for the composite provides material which is not fully dense but has a porosity of 5 percent. More detailed information was not available for this composite sample.
The third composite (SiC f / SiC) was prepared by Honeywell Advanced Composites.
The composite consisted of HiNicalon SiC fiber weave cloth which had a pyrocarbon coating applied to the surface. Repeated cycles of CVI SiC were applied to the perform as the matrix with the final volume percent of fiber being 36% . Four test vessels were placed onto a tray which slid into a 3 inch OD x 4ft long aluminum oxide furnace tube house in a three zone furnace. The tray with the samples was placed into the center zone of the furnace (12" in length) which was maintained at 1000 ± 5 o C over the length of that zone for the experimental exposure. Each sample was cleaned of residual lead using a1% nitric acid solution (80 o C) for 30 minutes. The sample was rinsed in deionized water, dried, and weighed before being immersed into fresh dilute acid solution. This process was repeated until the difference in weights between any two cycles was less than 0.5mg of each other.
The final weight was obtained using a five place balance and the weight loss associated with each sample was obtained by comparison to the starting weight.
Any oxides which formed on the samples during the exposure were not removed from the sample and are included in the final weights for each piece.
In addition to the weight loss value for each sample (µg/ cm 2 Hr), X-ray diffraction, Scanning Electron Microscope (SEM), and low magnification optical analysis of the surfaces were carried out before and after exposure to lead for each sample.
3. Results Table 1 contains the corrosion results for all samples exposed to molten lead at 1000 o C. A value for the uncertainty (1σ) in the weight loss data is also included in the table to indicate the error associated with each measurement due to the low weight loss for some samples.
SiC f / SiC composite (HiNicalon SiC fiber)
The corrosion weight loss for this sample listed in Table 1 is very low and is within the uncertainty of the measurement for this material. The visual appearance of the sample is visually identical to that observed before exposure of the sample to molten lead. There does not appear to be any attack on the exposed SiC fibers or SiC matrix material from exposure to lead at 1000 o C.
Chemical analysis by Glow Discharge Mass Spectrometry (GDMS) of the lead from this exposure showed less than detectable levels of silicon or carbon to be present in the lead.
3.2 SiC f / Si 3 N 4 (CG Nicalon SiC fiber) Figure 2 shows the surface condition of this sample after exposure to lead at 1000 o C. The SiC fiber structure can clearly be seen in the figure and an optical comparison to the untested sample indicates some level of matrix attack has occurred. The corrosion data listed in Table 1 indicate that this sample gained weight due to lead exposure. No lead was detected on the surface of the sample after being cleaned suggesting that some amount of lead had penetrated the composite. This material was not fully dense and did have some degree of porosity in the as received form. To confirm lead penetration an X-ray computed tomography scan of the sample was performed with one cross sectional view shown in Figure 3 .
The presence of lead in the interior portion of the sample is confirmed by the bright signal emanating from the center of the sample. Other locations within the composite sample also showed a similar response. It appears that once the lead has penetrated the composite it is protected from the cleaning solution, thus yielding a positive weight gain for the sample. Chemical analysis of the lead sample by GDMS did show above detectable levels of silicon in the lead. sample surfaces showed elemental silicon, with both alpha and beta SiC present.
The beta form was determined to be the dominant phase present.
Upon exposure of the "as received" sample to molten lead the silicon rich side of the sample experienced non-uniform corrosion and became pitted in random locations ( Figure 5 ). The SiC fiber weave pattern can be seen at the bottom of the pits which were formed, along with a covering of fine grain green particles( Figure 6 ). The nature and shape of these particles can be seen in the SEM picture shown in Figure   7 . XRD analysis of the interior regions of the pits where these particle are located showed them to be composed exclusively of two forms of alpha SiC, Moisanite-6H
and Moisanite-15R, with the former being the dominant phase. The exterior surface regions of the sample around the pits were also analyzed by XRD and were shown to be composed of elemental silicon and beta SiC (Moisanite-3C) which was also seen on the original material.
Tyranno SA SiC fiber Composite (surface milled)
A sample of the "as received" material was machined to remove the excess surface silicon present on the composite. The final machined sample clearly shows the fiber weave pattern on both sides of the sample (Figure 1 ). In addition, small void areas are also apparent on the interior portion of the sample where the melt infiltration process failed to provide the molten silicon. XRD analysis of the general machined surface area indicated the same phases to be present but now with only a trace of elemental silicon. This is not surprising since the molten silicon infused into the interior spaces of the composite during the densification phase of manufacturing and these areas should be few in number.
Exposure of this sample to molten lead did not produce any pitting on the sample surface or any visible attack of the SiC fibers themselves. The only indication of any attack is seen in small areas around fiber intersections where fine grain green particulate material has formed (Figure 8 ). XRD analysis of these areas containing the green material showed it to be the same as that found in the other post exposure samples of this composite (alpha SiC; Moisanite-6H and Moisanite-15R, with the former being the dominant phase). XRD analysis of areas next to those which contain the green material showed the areas to be composed of beta SiC and minor amounts of carbon and SiO 2 .
3
This composite sample is more symmetrical with a uniform excess layer of elemental silicon on both sides of the sample. Initial XRD analysis of the "as received" sample surfaces showed elemental silicon, and both alpha and beta SiC to be present, with beta being the dominant phase.
Exposure of this sample to lead at 1000 o C produced the same type of non-localized attack (pitting) on the silicon surfaces as that show with the as received Tyranno SA fiber composite discussed above. The bottom of the pits which formed on the surface also contained a fine green particulate material which upon XRD analysis was confirmed to be alpha SiC (Moisanite-6H and Moisanite-15R, with the former being the dominant phase). The exterior surface regions of the sample around the pits were also analyzed by XRD and were shown to be composed of elemental silicon and beta SiC (Moisanite-3C) and small amount of SiO 2 .
Hi-Nicalon Type S SiC fiber Composite (milled sample)
A sample of the "as received" material was machined to remove the excess surface silicon present on both sides of the composite. The final machined sample also clearly shows the fiber weave pattern on both sides of the sample and is similar to the picture shown in Figure 1 . AS with the pervious milled sample, this machined composite also exposed a number of small void areas on the internal portions of the composite. XRD analysis of the machined surface indicated the same phases to be present as seen for the previous milled sample.
Exposure of this sample to molten lead also did not produce any pitting on the sample surface or any visible attack on the SiC fibers themselves. The only indication of any attack is seen in small areas around fiber intersections where fine grain green particulate material has formed (similar to the milled sample of TYranno fiber composite). XRD analysis of these areas containing the green material showed it to be the same as that found in the other post exposure samples of this composite (alpha SiC; Moisanite-6H and Moisanite-15R, with the former being the dominant phase). XRD analysis of areas next to those which contain the green material showed the area to be composed of beta SiC and minor amounts of carbon and SiO 2 .
CVD SiC coated Hi-Nicalon Type S SiC fiber Composites
Exposure of the two samples which were seal coated with CVD SiC showed only a small amount of corrosion (weight loss value from Table 1 ) with no visible sign of attack from the molten lead. XRD analysis of the exposed samples showed a small amount of SiO 2 to be present on the surface and no change to the type of SiC (only beta SiC both before and after exposure) present.
Discussion
The intent of this study was to understand the materials compatibility of the various SiC composites in molten lead without the presence of additional corrosion factors.
One major factor is the presence of oxygen both dissolved in the lead and also present in the cover gas of the experimental set-up which could diffuse into the molten lead. At 1000 o C the reaction between SiC and oxygen is very thermodynamically favorable as indicated by equation 1.
The argon cover gas was purified by passage through a reactive metal purifier and a column of graphite pieces held at 650 o C. These measures were taken to reduce the oxygen and moisture content of the cover gas to as low a level as possible. On-line hygrometer readings of the inlet gas gave dew point readings of -55 to -65 o C which corresponds to a partial pressure of oxygen (through moisture dissociation) in the cover gas of 7.4 x 10 -10 atm (assuming a gas temperature of 700 o C).
The use of graphite vessels to hold the lead (and samples) allows for a further reduction in the dissolved oxygen available to interact with the SiC samples. If kinetics are assumed to be non-limiting at this temperature, the thermodynamic partial pressure of oxygen needed to form CO at 1000 o C is 9.3 x 10 -19 atm.
Therefore, the graphite vessel will purify the lead of dissolved oxygen to a level which corresponds to this partial pressure of oxygen. Initial evaluations of the purified lead purchased for these experiments indicated oxygen to be present in the lead to a level of 10-20 ppm as determined by inert fusion analysis (LECO oxygen and carbon analyzer), ESCA, and GDMS. Experimental confirmation for this value for oxygen content was provided by exposure of a duplicate sample of pure monolithic SiC sample (CVD from Morton) to the lead but without graphite being available to purify the molten lead. An aluminum oxide test vessel and aluminum oxide retention pin were used for this exposure. Aluminum oxide is very thermodynamically stable under these experimental conditions and is not expected to contribute to the oxygen content of the lead. Without graphite available to react with the oxygen present in the lead, the oxygen will be available to react with the sample causing a greater weight loss of the sample. When the sample disk was removed from the lead (1000 o C, 50 hrs) and cleaned of residual material, there was SiO 2 on the surface. Once this layer was removed (1% HF @ 80 o C) the weight loss for this sample was larger (7.3 x 10 -6 ± 3.9 x 10 -7 g/cm 2 Hr ) than for an identical sample exposed to lead using the all graphite vessel. This difference in weight loss can be equated to an amount of oxygen needed in the lead at the start of the experiment to develop this weight loss value and was calculated to be approximately 13 ppm oxygen present in the lead.
Since graphite is used to control the oxygen content of the lead, carbon solubility also needs to be understood as a possible factor which could influence the corrosion data from these experiments. Due to equilibrium considerations, the presence of dissolved carbon in the lead at 1000 o C could suppress the solubility/corrosion data values formulated for these SiC composite samples. Extrapolating the high temperature solubility data from Ruff and Bergdahl [8] , an estimate can be made for the solubility of carbon in molten lead at 1000 o C to be 0.25 at% or 145 ppm. No additional analytical efforts were made to confirm this value but it will be assumed that carbon is present in the lead under these experimental temperatures. The effect of dissolved carbon on the corrosion performance of these composites is included in the weight loss values obtained for these samples. Repeat experiments using similarly purified lead, without the presence of dissolved carbon, may produce higher corrosion values.
Of the three classes of SiC composite samples studied the SiC f / SiC composite showed the least amount of attack by the molten lead. The weight loss for this sample was within the error associated with the weight loss value. In addition to the 
Conclusion
Isothermal testing of various silicon carbide fiber reinforced composite samples has been studied in molten lead at 1000 o C for 120 hours. The best performance (based on weight loss) was for the composite which utilized SiC fibers and a SiC matrix Seal coating (with SiC) of a composite appears to be effective in minimizing corrosion due to solubility concerns but might not be needed to protect against machining damage done to a composite. A more complete study would be needed to further investigate the role of machining damage to a composites overall compatibility with molten lead at 1000 o C. SiCf / SiC / Si Composite Tyranno fiber (Milled Surface)
Exposed to molten lead at 1000 o C for120 Hours
The highlited box shows one area where green SiC deposits can be seen at the fiber intersections. Other spots are also seen at various locations on the composite surface.
Green Deposits
